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Abstract 

We present an overview of our recent measurements on the crossover from a Bose- 
Einstein condensate of molecules to a Bardeen-Cooper-Schrieffer superfluid. The ex- 
periments are performed on a two-component spin- mixture of ®Li atoms, where a Fesh- 
bach resonance serves as the experimental key to tune the s-wave scattering length 
and thus to explore the various interaction regimes. In the BEC-BCS crossover, we 
have characterized the interaction energy by measuring the size of the trapped gas, 
we have studied collective excitation modes, and we have observed the pairing gap. 
Our observations provide strong evidence for superfluidity in the strongly interacting 
Fermi gas. 

1 Introduction 

The crossover from a Bose-Einstein condensate (BEC) to a Bardeen-Cooper-Schrieffer 
(BCS) superfluid has for decades attracted considerable attention in condensed matter 
theory 1, (2i( |3| |4(. The observation of BEC of molecules in ultracold trapped Fermi 
gases of ^Li and ''"K |5] |S| |7| |5] |3| has opened up a unique route to explore this 
BEC-BCS crossover. Magnetically tuned scattering resonances, known as Feshbach 
resonances [111 , play the key role to control the two-body interaction and to vary 
the coupling strength over a very broad range. Exploiting Feshbach tuning, recent 
experiments have begun to explore the crossover by studying elementary properties 
of the system under variable interaction conditions. The internal interaction energy 
was measured by detecting the cloud size of a trapped gas \^ and by observing the 
expansion of the gas after release The condensed nature of fermionic atom pairs 
was demonstrated by rapid conversion of the "Fermi condensate" into a molecular 
BEC ESI EH. The study of collective excitation modes [TKl EHl [HI provided first 
insight into changes of the equation of state and hydrodynamics of the system in 
the crossover. Spectroscopic measurements of the pairing energy 1181 showed the 
crossover from molecular pairing to fermionic "Cooper" pairing. The results of these 
experiments provide strong evidence of "resonance superfluidity" |19l 1201 1211 122| in a 
strongly interacting Fermi gases. 

Here we summarize the BEC-BCS crossover experiments that we recently performed 
in Innsbruck on an ultracold gas of ^Li atoms. Degenerate Fermi gases of ^Li have 
been produced by several groups 1231 1241 1251 1261 A mixture of the two lowest 
spin states of ^Li is particularly interesting because it is stable against two-body 
decay and it exhibits a broad Feshbach resonance |27| in combination with a narrow 
one |28) . The broad resonance has been widely employed by us and other groups 
to create a strongly interacting Fermi gas |29|. to study interaction effects [30J, to 
form stable weakly bound molecules |31l I32| . to create Bose-Einstein condensates 



of molecules □ il 0, and to study the BEC-BCS crossover [T^ [TIHTCH T7I IT5 | . 

After obtaining the experimental data summarized here, we recently performed high- 
precision spectroscopic experiments on the ®Li molecular interaction parameters 
We here discuss our experimental crossover data |12lll6l[T51 with up-to-date knowledge 
of the two-body scattering properties. 

2 Creation of a molecular BEC 

Our molecules are weakly bound ^Li2 dimers in the last bound level very close to the 
dissociation threshold. A key property of these molecules is their stability against 
inelastic decay resulting from the fermionic nature of the constituent atoms )34l . For 
molecule formation and evaporative cooling towards BEC, we choose a magnetic field 
of 764 G, which is below the center of the resonance at 834 G |33| . Here the s-wave 
scattering length is o = 4500 ao and the molecular binding energy is -Bb = ft^ / {ma?) = 
A:b X lAfiK, where oo denotes Bohr's radius and fce is Boltzmann's constant. 

Evaporative cooling is performed in a single-beam optical dipole trap A 1030- 
nm laser beam, which is focused to a waist of 25/im, is loaded with 2 x 10^ optically 
precooled atoms. For forced evaporative cooling, the laser power is exponentially 
ramped down from the initial value of 10 W to a few mW with a time constant of 
460 ms. The molecules are formed during the evaporation following a chemical atom- 
molecule equilibrium |36l I37| . Finally, all remaining atoms form molecules and the 
pure molecular sample condenses into a BEC. As a consequence of molecular Bose- 
Einstein condensation we first observed that, at the end of the evaporation, the number 
of atoms confined in a very shallow trap exceeded the number of quantum states 
available for fermionic atoms by almost an order of magnitude 0. We furthermore 
observed a collective excitation mode and demonstrated magnetically tuned mean-field 
effects 0. Using in-situ absorption imaging we also observed the phase transition in 
characteristic bimodal distributions of the trapped cloud 12 ; see Fig. 1. The images 
provide a lower bound for the condensate fraction of 90% and thus demonstrate that 
an essentially pure molecular BEC is formed. 

We measured very long lifetimes of the molecular BEC. After recompression in 
the optical dipole trap to a peak number density of 1.0(5) x lO^^cm"^ we observed 
a lifetime of 40s. This corresponds to a very low upper bound for the binary loss 
coefficient of 1 x 10~^* cm'^/s, which demonstrates the enormous stability of weakly 
bound ^Li2 molecules Ell El El- 

The pure molecular BEC has served as a starting point for all our experiments on 
the BEC-BCS crossover, as described in the following. 

3 Conversion of a molecular BEC to a degener- 
ate Fermi gas 

For exploring the crossover to a Fermi gas we apply slow magnetic field ramps. We 
typically change the magnetic field from the BEC production value to a final value in 
1 s. This is slow enough for the gas to react adiabatically. In a test experiment [121 we 
checked the reversibility of the crossover process by linearly ramping up the magnetic 
field from 764 G to 1176 G and down again to 764 G within 2 s. The comparison of the 
spatial profiles did not show any significant deviations. This experiment showed that 
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Figure 1 : Molecular BEC is observed using in situ axial density profiles of the trapped 
cloud |12|. (a) A partially condensed cloud with 4 x 10^ molecules is obtained when 
the evaporation is stopped at a final laser power of 28 mW, and (b) an essentially pure 
BEC of 2 X 10^ molecules is obtained at a final laser power of 3.8 mW. 



the conversion into a degenerate Fermi gas and its back-conversion into a molecular 
BEC takes place without loss and heating in a fully reversible way. This remarkable 
possibility to change the character of the gas in a reversible and isentropic way high- 
lights the outstanding properties of ®Li Fermi gases for BEC-BCS crossover studies. 
Note that the isentropic conversion of a molecular BEC into a degenerate Fermi gas 
goes along with a substantial temperature reduction 35 . 

In a first set of experiments we measured spatial profiles of the trapped ultracold gas 
for magnetic fields between 740 G and 1440 G |12| . These profiles provide information 
on the interaction energy in the sample and on the equation of state. The recorded 
axial density profiles are in general well fit by Thomas Fermi profiles. Fig. 3(b) shows 
how the measured root-mean-square axial size Zrms changes with the magnetic field. 
For comparison, Fig. 3(a) displays the magnetic-field dependence of the atomic scat- 
tering length a PB| . Up to 950 G the observed increase in Zrms is due to the crossover 
from the molecular BEC to the degenerate Fermi gas. For higher magnetic fields, the 
shrinking of the axial cloud size is caused by an increasing magnetic confinement )12| . 
To remove the explicit trap dependence, we normalize the observed size to the one 
expected for a non-interacting Fermi gas. In Fig. 3(c) we show the normalized axial 
size ( = Zrnis/zo, where zq is the rms axial size of a non-interacting zero-temperature 
Fermi gas with A'' = 4 x 10® atoms. 

Below the Feshbach resonance, the observed dependence of the cloud size agrees well 
with the mean-field behavior of a molecular BEC in the Thomas-Fermi limit. In this 
regime, the normalized size is given by = 0.688(anioi/i)^'^®(-EF/-Bb)^''^'', where Ef is 
the Fermi energy of the gas without interactions. Fig. 3(c) shows the corresponding 
curve (solid line) calculated with a molecule-molecule scattering length amoi/a = 0.6 
|34| . We find that this BEC limit provides a reasonable approximation up to ~780G; 
here the molecular gas interaction parameter is nmoicSmoi ~ 0.05. Alternatively, the 
interaction strength can be expressed as kpa « 2, where the Fermi wavenumber fcp 
is related to the Fermi energy by Ef — ?i^fc|/(2m). The crossover to the Fermi 
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Figure 2: Cloud size measurements across the Feshbach resonance In (a) the 

atomic scattering length a is shown according to |33| : the resonance at 834 G is marked 
by the vertical dashed line. The data in (b) display the measured rms cloud sizes. 
In (c), the same data are plotted after normalization to a non-interacting Fermi gas. 
The solid line shows the expectation from BEC mean-field theory with Omoi = 0.6 a. 
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gas is observed in the vicinity of the Feshbach resonance between 780 G and 950 G; 
here smoothly increases with the magnetic field until it levels off at 950 G, where 
the interaction strength is characterized by kpa ~ —1.4. Our results show that the 
crossover occurs within the range of —0.7 < (fcpa)"^ < 0.7, which corresponds to the 
strongly interacting regime. 

The case of resonant two-body interaction is of particular interest for many-body 
quantum physics. For \a\ ^ oo a universal regime is realized EH El EDI, where 
scattering is fully governed by unitarity and the scattering length drops out of the 
description. The normalized cloud size can be written as = (1 -I- /3)^''*, where /3 pa- 
rameterizes the mean-field contribution to the chemical potential in terms of the local 
Fermi energy |40|. At 834 G, our measurements show ^ = 0.72 ± 0.07 which provides 
(3 = — 0.73l'lQ Qg. Here the total error range includes our best knowledge of statistic and 
systematic uncertainties, with the particle number giving the dominant contribution 
to the error budget. Recent quantum Monte Carlo calculations yielded /3 = —0.56(1) 
|41| and —0.58(1) |42| . Our experimental results are close to these predictions, but 
they show a deviation somewhat larger than our assumed experimental error range. 
If we, in turn, use the theoretical predictions on (3 to calibrate our particle number 
we obtain 2.0 x 10^ trapped atoms, which only slightly falls outside of our estimated 
uncertainty range. 

It is very interesting to compare our data with recent predictions from advanced 
crossover theories. Ref. |43| compares spatial profiles calculated from a diagrammatic 



theory including pairing fluctuations beyond mean-field with our experimental pro- 
files. The diagrammatic theory itself |44| agrees very well with quantum Monte Carlo 
calculations )42l . in particular in the range of our experiments. If we assume 2 x 10^ 
atoms for our experiments, our data on spatial profiles and the size of the trapped gas 
are found to agree excellently with theory in the whole crossover range. 

4 Measurements of collective oscillations 

The investigation of collective excitation modes i45i is well established as a power- 
ful method to gain insight into the physical behavior of ultracold quantum gases in 
different regimes of Bose i46j and Fermi gases |47) . Ref. |48| pointed out an interest- 
ing dependence of the collective frequencies in the BEC-BCS crossover of a superfluid 
Fermi gas. Superfluidity implies a hydrodynamic behavior which can cause substantial 
changes in the excitation spectrum and in general very low damping rates. However, 
in the crossover regime the strong interaction between the particles also results in 
hydrodynamic behavior in the normal, non-superfluid phase. Therefore the interpre- 
tation of collective modes in the BEC-BCS crossover in terms of superfluidity is not 
straightforward and needs careful investigation to identify the different regimes. 

We studied two elementary collective excitation modes in the BEC-BCS crossover 
The slow axial compression mode confirmed theoretical expectations on the 
equation of state of the gas in the crossover and is in general well understood |49| . In 
the BE C lim it we observed an oscillation frequency fiz consistent with the expected 
ilz = •\/5/2[iJz = 1.581tJz, where uiz denotes the axial trap frequency. In the unitarity 
limit (at 834 C) we measured a 2% down-shift of the axial frequency, in agreement 
with the prediction fiz = y''5/2ujz = 1.549(j;z. This down-shift is a consequence of the 
fact that the equation of state of the quantum gas changes from fi oc n to fi oc r?^^ 
|48II49| . With the magnetic field increasing beyond the resonance, we observe a further 
decrease in the collective excitation frequency until a minimum is reached at about 
900 G, where ll^kpo) ~ —0.5. This observation is in agreement with theoretical 
expectations 1491 . With further increasing magnetic field and decreasing interaction 
strength, we observe a gradual transition to a collisionless regime and a corresponding 
gradual increase of the collective frequency toward fJz/tJz = 2. 

At about 815 G, somewhat below the resonance point, we observed extremely low 
damping rates for the axial collective oscillations. Here the 1/e damping time cor- 
responded to about 160 oscillations. This striking behavior may be seen as a strong 
piece of evidence for superfluidity. 

The fast radial compression mode showed a surprising dependence on the magnetic 
field |16| . which is not fully understood yet. Fig. 3 shows the observed radial oscil- 
lation frequency fir and damping rate Fr, normalized to the radial trap frequency 
uir- The unitarity gas shows a large down-shift to fir/wr = 1.67(3), much larger 
than the expected value of f2r/i^r = •\/l0/3 — 1.826 from hydrodynamic theory |48| . 
However, it is questionable whether simple hydrodynamic theory still applies for our 
experimental conditions [50] . 

The most striking feature of our radial oscillation data is the abrupt change of the 
excitation frequency at a field of ~910 G, which is accompanied by an anomalously 
large damping. Beyond this point the collective oscillations exhibit the coUisionsless 
value of Qr/ur = 2, which clearly shows that the gas loses its hydrodynamic properties. 
A plausible interpretation |50| of this breakdown of hydrodynamics is a coupling of 
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Figure 3: Measured frequency Qr and damping rate Tr of the radial compression 
mode, normalized to the trap frequency (sloshing mode frequency) ujr- In the upper 
graph, the dashed line indicates ^lr/u>r = 2, which corresponds to both the BEC limit 
and the collisionless Fermi gas limit. The vertical dotted line marks the resonance 
position at 834 G. The star indicates the theoretical expectation of flr/i-Or = -y/ 10/3 
in the unitarity limit. A striking change in the excitation frequency occurs at ~910 G 
(arrow) and is accompanied by anomalously strong damping. 



the collective oscillations to the fermionic pairs in the strongly interacting gas. This 
interpretation is supported by our measurements on pairing energies |18l . see below. 

The Duke group has performed experiments on radial collective oscillations in a 
set-up very similar to ours ^lEl- They found a strong temperature dependence of 
the damping rate, which provides further evidence for superfluidity in the system |15| . 
On resonance, they measured a collective frequency in agreement with hydrodynamic 
theory and thus not consistent with our observation. Beyond the Feshbach resonance 
the Duke measurements confirmed our observation of a breakdown of hydrodynamics 
|17|. Clearly more measurements are needed on the radial excitation mode. 

5 Observation of the pairing gap 

The formation of pairs generally represents a key ingredient of superfluidity in fermionic 
systems. The "pairing gap", which corresponds to the binding energy of the pairs, is 
a central quantity to characterize the pairing regime. We employed radio-frequency 
(rf ) spectroscopy |51l 1521 153| to study pairing in the BEC-BCS crossover. Spectral 
signatures of pairing were theoretically considered in Refs. 54 55 551 1571 155| . A clear 
signature of the pairing process is the emergence of a double-peak structure in the 
spectral response as a result of the coexistence of unpaired and paired atoms. The 
pair-related peak is located at a higher frequency than the unpaired-atoms signal as 
energy is required for pair breaking. 
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Figure 4: Radio- frequency spectra for various magnetic fields and different degrees 
of evaporative cooling. The rf offset is given relative to the atomic transition. The 
molecular limit is realized for B = 720 G (first column) . The resonance regime is 
studied for B = 822 G and 837 G (second and third column). The data at 875 G 
(fourth column) explore the crossover on the BCS side. Upper row, signals of unpaired 
atoms at T' ~ 6Tf (Tp = 15 /iK); middle row, signals for a mixture of unpaired and 
paired atoms at T' = 0.5rF (Tf = 3.4 /iK); lower row, signals for paired atoms at 
T' < 0.2Tf (Tf = 1.2 ^K). The solid lines are introduced to guide the eye. 

We performed rf spectroscopy by driving transitions of the nuclear spin to an empty 
state 1181 . The loss of atoms from the two-component spin-mixture as a function 
of the radio frequency constitutes our spectroscopic signal. We recorded rf spectra 
for different degrees of cooling and in various coupling regimes (Fig. 4). We realize 
the molecular regime a,t B — 720 G (a — -1-2200 ao)- For the resonance region, we 
examined two different magnetic fields, B = 822 G (a « -1-35, 000 ao) and B = 837 G 
(a — 100,OOOao). We also studied the regime beyond the resonance with large 
negative scattering length ai B = 875 G {a — —1200 ao). 

At a "high" temperature T « 6Tf (Tf = 15/iK) we just observe the narrow atomic 
transition line (upper row in Fig. 4) without any effect of interactions. This line serves 
us as a frequency reference, and we present our spectra as a function of the rf offset 
with respect to this atomic frequency. 

Already at T' /Tp = 0.5 |59) . we observed the double-peak structure characteristic 
for the onset of pairing (middle row in Fig. 4). In the molecular regime {B = 720 G), 
the sharp atomic peak is well separated from the broad dissociation signal |60|. which 
shows a molecular binding energy of Ey^ — hx 130 kHz = fce x 6.2 pK. For B approach- 
ing the resonance position, the peaks begin to overlap. In the resonance region (822 
and 837 G), we still observe a relatively narrow atomic peak at the original position 
together with a pair signal. For magnetic fields beyond the resonance, we can resolve 
the double-peak structure for fields up to ~900 G. 



At a very low temperature T' /T-p < 0.2 I59| . realized with deep evaporative cooling, 
we observed a disappearance of the narrow atomic peak in the rf spectra (lower row in 
Fig. 4). This shows that essentially all atoms are paired. In the BEC limit (720 G) the 
dissociation lineshape is identical to the one observed in the trap at higher temperature 
and Fermi energy. Here the localized pairs are molecules with a size much smaller 
than the mean interparticle spacing, and the dissociation signal is independent of the 
density. In the resonance region (822 and 837 G) the pairing signal shows a clear 
dependence on density (Fermi energy) , which becomes even more pronounced beyond 
the resonance (875 G). 

For understanding the spectra in the fermionic many-body regime on resonance 
and beyond both the homogeneous lineshape of the pair signal )55II57| and the inho- 
mogeneous line broadening due to the density distribution in the harmonic trap need 
to be taken into account 58]. As an effect of inhomogeneity, fermionic pairing due 
to many-body effects takes place predominantly in the central high-density region of 
the trap, and unpaired atoms mostly populate the outer region of the trap where the 
density is low |61l 1621 155) . The spectral component corresponding to the pairs thus 
shows a large inhomogeneous broadening in addition to the homogeneous width of the 
pair-breaking signal. For the unpaired atoms the homogeneous line is narrow and the 
effects of inhomogeneity and mean-field shifts are negligible. These arguments explain 
why the RF spectra in general show a relatively sharp peak for the unpaired atoms 
together with a broader peak attributed to the pairs. 

To quantitatively investigate the crossover from the two-body molecular regime to 
the fermionic many-body regime we measure the pairing energy in a range between 
720 G and 905 G. The measurements were performed after deep evaporative cooling 
(T'/Tf < 0.2) for two different Fermi temperatures Tp = 1.2 /iK and 3.6 (Fig. 5). 
As an effective pairing gap we define Af as the frequency difference between the 
pair-signal maximum and the bare atomic resonance. In the BEC limit, the effective 
pairing gap Af simply reflects the molecular binding energy Eh (solid line in Fig. 5). 
With increasing magnetic field, in the BEC-BCS crossover, Ai/ shows an increasing 
deviation from this low-density molecular limit and smoothly evolves into a density- 
dependent many-body regime where hAv < Ep. 

A comparison of the pairing energies at the two different Fermi energies (inset 
in Fig. 5) provides further insight into the nature of the pairs. In the BEC limit, 
Av is solely determined by Eh and thus does not depend on Ep. In the universal 
regime on resonance, Ep is the only energy scale and we indeed observe the effective 
pairing gap Af to increase linearly with the Fermi energy. We find a corresponding 
relation hAi/ « 0.2 Bp. Beyond the resonance, where the system is expected to 
change from a resonant to a BCS-type behavior, Af is found to depend more strongly 
on the Fermi energy and the observed gap ratio further increases. We interpret this in 
terms of the increasing BCS character of pairing, for which an exponential dependence 
hAv/Ep oc exp(— 7r/2fc_F|ffl|) is expected. 

Our measurements on the effective pairing gap Av also support a possible interpre- 
tation of the abrupt frequency change of radial collective oscillations (see preceding 
section). When the magnetic field is increased to 910 G, we find the decreasing Af to 
reach the frequency of the radial compression mode (~lkHz for the filled triangles in 
Fig. 5 and the conditions of Fig. 3). We conclude that the oscillations can then couple 
to the fermionic pairs, which leads to pair breaking and heating. This interpretation is 
further supported by measurements at higher Fermi energies (open triangles in Fig. 5 
and collective mode measurements in Ref. |63p. which again show the abrupt change 
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Figure 5: Measurements of the effective pairing gap Ai/ as a function of the magnetic 
field B for deep evaporative cooling and two different Fermi temperatures Tp = 1.2/iK 
(filled symbols) and 3.6/iK (open symbols). The solid line shows Af for the low-density 
limit where it is essentially given by the molecular binding energy. The inset displays 
the ratio of the effective pairing gaps measured at the two different Fermi energies. 

when the collective oscillation frequency meets the effective pairing gap. 

Radio-frequency spectroscopy in a harmonically trapped Fermi gas with resonant 
interactions was theoretically analyzed in Ref. (58) . The calculated RF spectra demon- 
strate how a double-peak structure emerges as the gas is cooled below T/Tp ~ 0.5 
and how the atomic peak disappears with further decreasing temperature. In partic- 
ular, the work addresses the role of the "pseudo-gap" regime 1^ 1221 . in which pairs 
are formed before superfluidity is reached. According to the calculated spectra, the 
atomic peak disappears at temperatures well below the critical temperature for the 
phase-transition to a superfiuid. A recent theoretical study of the BCS-BEC crossover 
at finite temperature 162' predicts the phase-transition to a superfiuid to occur at a 
temperature that on resonance is only ~30% below the point where pair formation 
sets in. Our rf spectra thus provide strong evidence for superfluidity in the strongly 
interacting Fermi gas. 

6 Conclusion 

We have studied elementary macroscopic and microscopic properties of an ultracold 
gas in the BEC-BCS crossover. For resonant two-body interactions, we have obtained 
strong evidence for superfluidity by measuring low damping rates of collective oscil- 
lations and by observing the onset of pairing early in the evaporative cooling process. 
This, together with complementary observations made by other groups ' 13111411131 15). 
opens up intriguing prospects for further experiments on the fascinating properties of 
fermionic quantum matter. 



Acknowledgements 



We acknowledge support by the Austrian Science Fund (FWF) within SFB 15 (project 
part 15) and by the European Union in the frame of the Cold Molecules TMR Network 
under Contract No. HPRN-CT-2002-00290. C.C. is a Lise-Meitner research fellow of 
the FWF. 

References 

[1] D. M. Eagles, Phys. Rev. 186, 456 (1969). 

[2] A. J. Leggett, in Modern Trends in the Theory of Condensed Matter, edited by 
A. Pekalski and R. Przystawa, Springer- Verlag, Berlin (1980), pp. 13-27. 

[3] P. Nozieres and S. Schmitt-Rink, J. Low Temp. Phys. 59, 195 (1985). 

[4] Q. Chen, J. Stajic, S. Tan and K. Levin, |cond-mat /0404274 | 

[5] S. Jochim et al, Science 302, 2101 (2003); published online 13 Nov 2003 
( 10. 1 126 /science. 1093280) . 

[6] M. Greiner, C. A. Regal, and D. S. Jin, Nature 426, 537 (2003). 

[7] M. W. Zwierlein et al, Phys. Rev. Lett. 91, 250401 (2003). 

[8] T. Bourdel et al, Phys. Rev. Lett. 93, 050401 (2004). 

[9] R. Hulet, KITP Conference on Quantum Gases, Santa Barbara, May 10 - 14, 
2004. 

[10] E. Tiesinga, B. J. Verhaar, and H. T. C. Stoof, Phys. Rev. A 47, 4114 (1993). 

[11] S. Inouye et al, Nature 392, 151 (1998). 

[12] M. Bartenstein et al, Phys. Rev. Lett. 92, 120401 (2004). 

[13] C. A. Regal, M. Greiner, D. S. Jin, Phys. Rev. Lett. 92, 040403 (2004). 

[14] M. W. Zwierlein et al, Phys. Rev. Lett. 92, 120403 (2004). 

[15] J. Kinast et al, Phys. Rev. Lett. 92, 150402 (2004). 

[16] M. Bartenstein et al, Phys. Rev. Lett. 92, 203201 (2004). 

[17] J. Kinast, A. Turlapov, and J. E. Thomas, Phys. Rev. A 70, 051401(R) (2004). 

[18] C. Chin et al., Science 305, 1128 (2004); published onhne 22 July 2004 
(10.1126/science.ll00818). 

[19] M. Holland, S.J.J.M.F. Kokkelmans, M. L. Chiofalo, and R. Walser, Phys. Rev. 
Lett. 87, 120406 (2001). 

[20] E. Timmermans, K. Furuya, P. W. Milonni, and A. K. Kerman, Phys. Lett. A 
285, 228 (2001). 

[21] Y. Ohashi and A. Griffin, Phys. Rev. Lett. 89, 130402 (2002). 

[22] J. Stajic et al, Phys. Rev. A 69, 063610 (2004). 

[23] A. G. Truscott et al, Science 291, 2572 (2003). 

[24] F. Schreck et al, Phys. Rev. Lett. 87, 080403 (2001). 

[25] S. R. Granade et al, Phys. Rev. Lett. 88, 120405 (2002). 



[26] Z. Hadzibabic et ai, Phys. Rev. Lett. 88, 160401 (2002). 

[27] M. Houbiers, H. T. C. Stoof, W. I. McAlexander, and R. G. Hulet, Phys. Rev. 
A 57, R1497 (1998). 

[28] K. E. Strecker, G. B. Partridge, and R. G. Hulet, Phys. Rev. Lett. 91, 080406 

(2003) . 

[29] K. M. O'Hara et al, Science 298, 2179 (2002); pubhshed online 7 Nov 2002 
(10.1126/science.l079107). 

[30] T. Bourdel et al, Phys. Rev. Lett. 91, 020402 (2003). 

[31] J. CubizoUes et al, Phys. Rev. Lett. 91, 240401 (2003). 

[32] S. Jochim et al, Phys. Rev. Lett. 91, 240402 (2003). 

[33] M. Bartenstein et al. , |cond-mat /04 08673 

[34] D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, Phys. Rev. Lett. 93, 090404 

(2004) . 

[35] L. D. Carr, G. V. Shlyapnikov, and Y. Castin, Phys. Rev. Lett. 92, 150404 (2004). 
[36] C. Chin and R. Grimm, Phys. Rev. A 69, 033612 (2004). 

[37] S. J. J. M. F. Kokkelmans, G. V. Shlyapnikov, and C. Salomon, Phys. Rev. A 
69, 031602 (2004). 

[38] H. Heiselberg, Phys. Rev. A 63, 043606 (2001). 

[39] T.-L. Ho, Phys. Rev. Lett. 92, 090402 (2004). 

[40] M. E. Gehm et al, Phys. Rev. A 68, 011401 (2003). 

[41] J. Carlson, S.-Y. Chang, V.R. Pandharipande, and K.E. Schmidt, Phys. Rev. 
Lett. 91, 050401 (2003). 

[42] G. E. Astrakharchik, J. Boronat, J. CasuUeras, and S. Giorgini, Phys. Rev. Lett. 
93, 200404 (2004). 

[43] A. Perah, P. Pieri, and G. C. Strinati, Phys. Rev. Lett. 93 100404 (2004). The 
comparison with our experiment assumed a Feshbach resonance center at 850 G. 
The actual position of 834 G |33| essentially changes the best fit atom number to 
1.95 X lO'' instead of 2.3 x 10^ 

[44] P. Pieri, L. Pisani, and G. C. Strinati, cond-mat/0410578|| 

[45] S. Stringari, Phys. Rev. Lett. 77, 2360 (1996). 

[46] L. Pitaevski and S. Stringari, Bose-Einstein Condensation (Clarendon Press, Ox- 
ford, 2003), and refs. therein. 

[47] G. M. Bruun and C.W. Clark, Phys. Rev. Lett. 83, 5415 (1999); G. M. Bruun 
and B. R. Mottelson, Phys. Rev. Lett. 87, 270403 (2001); A. Minguzzi and M. 
P. Tosi, Phys. Rev. A 63, 023609 (2001). 

[48] S. Stringari, Europhys. Lett. 65 , 749 (2004). 

[49] Hui Hu, A. Minguzzi, Xia-Ji Liu, and M. P. Tosi, Phys. Rev. Lett. 93, 190403 
(2004). 

[50] R. Combescot and X. Leyronas, Phys. Rev. Lett. 93, 138901 (2004). 
[51] C. Regal and D. Jin, Phys. Rev. Lett. 90, 230404 (2003). 



[52] S. Gupta et al, Science 300, 1723 (2003); published online 8 May 2003 
(10.1126/science.l085335). 

[53] C. A. Regal, C. Ticknor, J. L. Bohn, and D. S. Jin, Nature 424, 47 (2003). 

[54] P. Torma and P. ZoUer, Phys. Rev. Lett. 85, 487 (2000). 

[55] J. Kinnunen, M. Rodriguez, and P. Torma, Phys. Rev. Lett. 92, 230403 (2004). 

[56] H. P. Biichler, P. Zoller, W. Zwerger, Phys. Rev. Lett. 93, 080401 (2004). 

[57] R. B. Diener and T.-L. Ho, "cond-mat/0405174 

[58] J. Kinnunen, M. Rodriguez, and P. Torma, Science 305, 1131 (2004); published 
online 22 July 2004 (10. 1126/science. 1100782). 

[59] Lacking a reliable method to directly determine the temperature T of a deeply 
degenerate, strongly interacting Fermi gas, we characterize the system by the 
temperature T' measured after an isentropic conversion into the BEG limit |18|. 
Note that in general T <T' |^ . 

[60] G. Ghin and P. Julienne, Phys. Rev. A, in press; |cond-mat/0408254| 

[61] A. Bulgac, cond-mat/0309358 

[62] A. Perah, P. Pieri, L. Pisani, and G. G. Strinati, Phys. Rev. Lett. 92, 220404 
(2004). 

[63] M. Bartenstein, doctoral thesis. University of Innsbruck (2005). 



